Reason for performing study: Foals stand and walk immediately after birth, but insight into the subsequent longitudinal development of their gait kinetics in the early juvenile phase and the possible influence of osteochondrosis thereon is lacking. Objectives: To quantify gait kinetics in foals during the first half year of life, taking into account their osteochondrosis status. Study design: Prospective, cohort study performed at a single stud farm. Methods: Pressure plate measurements at walk and trot from 11 Dutch Warmblood foals during the first 24 weeks of life were used to determine body mass normalised peak vertical force, normalised vertical impulse and stance duration. Coefficients of variation of peak vertical force and stance duration were used as measures for gait maturity. Radiographs of tarsocrural and femoropatellar joints were taken at age 4-6 weeks and after 6 months to check for osteochondrosis. A linear mixed model was used to determine the effects of age, limb, presence of osteochondrosis and speed on gait parameters. Results: Mean walking and trotting velocity increased over time as did stance duration and normalised vertical impulse, normalised peak vertical force values however remained relatively constant. During the first weeks of their life only the coefficient of variation of stance duration decreased significantly, while the coefficient of variation of peak vertical force did not. None of the foals was visibly lame, but the presence of osteochondrosis resulted in a temporarily but significantly reduced normalised peak vertical force. Main limitations: This study is a relatively small sample size of one breed from a single stud farm. A stand-alone pressure plate was used and body mass was estimated rather than measured. Conclusions: Despite being precocious, foals need time to mature their gait. During growth, velocity at walk and trot increases, but normalised peak vertical force remains relatively constant. Although not visibly lame, a temporary reduction in normalised peak vertical force was detected in osteochondrosis positive foals using a pressure plate.
Introduction
Research into equine gait spans centuries [1] , but investigations into the development of equine gait are rare. It is stated by some that foals are born with mature horse-like postural abilities and coordination [2, 3] . However, recent work has indicated that foals show relatively poor postural control after birth, which gradually improves during early life [4] . Denham et al. [5] showed that foals have not yet achieved an even, 4-beat rhythm at walk when aged 21 weeks, suggesting that there is a period of gait and balance maturation, as has been demonstrated in other animals [3, 6, 7] .
The few studies focusing on the development of gait in foals have been kinematic in nature [5, 8, 9] and kinetic aspects of the development of equine gait have never been studied. Stabilographic analysis of young foals has already shown that suboptimal postural balance is characterised by larger swaying amplitudes and velocities [4] . Similar incoordination can be expected during locomotion and would lead to inconsistent weightbearing per limb, hence to increased variation of vertical forces between different steps.
The prevalence of osteochondrosis in young foals can be very high [10] , although the majority of the lesions present at an early age will heal [11] . Osteochondrosis lesions might influence gait and hence locomotor parameters, as has been reported in pigs [12, 13] . It is therefore imperative that studies of the longitudinal development of equine gait simultaneously monitor osteochondrosis status in the most commonly affected joints (i.e. the tarsocrural and femoropatellar joints) to exclude any influence from osteochondrosis lesions on conclusions drawn about normal gait development.
We hypothesised that foals initially exhibit an immature gait, characterised by a larger coefficient of variation of peak vertical forces, which would improve over time, in line with the development of their postural balance [4] . We also hypothesised that the presence of osteochondrosis lesions would affect kinetic locomotor variables.
Materials and methods

Foals
Eleven privately owned Royal Dutch Sport Horse foals (5 female, 6 male), bred for showjumping were used in this study. They were all born and housed at the same stud farm and raised following usual standards in the Dutch horse breeding industry. Foals were kept together with their dams in a stable bedded with straw and had daily access to a pasture. After weaning at age between 20 and 24 weeks the foals were housed in a group in a large, half-open stable with straw bedding.
Before each measurement session, foals were examined and only included if they were considered clinically sound. Limbs and joints were inspected and palpated for the presence of swelling and/or joint effusion and soundness was visually checked at walk and trot on a straight line on a hard surface. Height at the withers was regularly measured and body mass was estimated according to the method of Staniar et al. [14] .
Data collection
A pressure plate with a measuring surface of 1.95 9 0.32 m (Footscan 3D, 2 m system a ), connected to a laptop computer with appropriate software (Gait Scientific a , version 7.99-27.05.2014) was used. These pressure plates are equipped with 16,384 sensors (sensitivity 0.27-127 N/cm 2 ; 2.06 sensors/cm 2 ), measuring at 126 Hz. Before every session, the system was calibrated according to the manufacturer's instructions and offset was manually adjusted to avoid saturation of the sensors. The pressure plate was embedded in a custom made, wooden frame to create a 1.5 m wide and 2.3 m long level measuring area with a small ramp in front and behind to prevent stumbling. To protect the pressure mat, the runway including the plate was covered with a 10 m long, 1.5 m wide and 5 mm thick rubber mat b (natural rubber/styrene-butadiene rubber, shore hardness 65 AE 5).
All measurements took place in an empty stable building at the stud farm. After a 5 min warm-up period, foals were led over the pressure plate at their preferred speed by an experienced handler. Before weaning the foals followed their dams, led by another person next to the pressure plate; after weaning foals were handled alone. A trial was considered valid if the foal moved over the pressure plate in a consistent manner, looking straight ahead and with the hooves making full ground contact within the measuring area. When the foals were small, all limbs could be measured during one run, but with increasing size left and right limb data needed to be recorded in separate trials. For each limb, 5 valid measurements were collected.
On Day 2 or 3 and on Day 7 after birth, data were recorded at walk. From age 2-12 weeks, foals were measured every 2 weeks at both walk and trot and subsequently foals were evaluated at age 16, 20 and 24 weeks. Velocity was estimated by measuring the "limb velocity" of the first forelimb contacting the pressure plate (distance covered by 2 successive hoof strikes divided by the time between them). Relative velocity (Froude number) was calculated using the formula v 2 /gh (v: velocity, h: height at withers and g: gravitational acceleration). All trials were recorded with a small digital video camera (Philips full HD 1080p camcorder c ).
Kinetic data
Collected footprints were manually assigned to left fore (LF), right fore (RF), left hind (LH) or right hind (RH) based on the video images. Peak vertical force and vertical impulse were normalised to body mass. The results of each set of 5 measurements per limb were averaged and considered representative for that limb at that measuring moment. Intra-individual variability of peak vertical force and stance duration for each limb was assessed by calculating "within session" coefficients of variation (CV = s.d./ mean 9 100%) [15] . Symmetry of hindlimb loading at trot was assessed by calculating asymmetry indexes of the peak vertical force (contralateral hindlimbs [CHL]: CHL = (LH-RH)/(0.5 9 (LH+RH)) 9 100) [13] . The resulting value is a figure with no dimensions between À200 and 200, with 0 indicating perfect symmetry. Ground reaction force curves of 5 osteochondrosis negative foals at 2, 12 and 24 weeks were made with a custom-made script (Matlab r2015b d ) after extracting the raw force data. Vertical force data were normalised to body mass and stance time using linear interpolation.
Radiographic examinations
For logistic reasons, radiographic examinations of the foals were clustered and took place on location using a Gierth 400 X-ray machine e and FDR D-EVO plus C24i panels f . The first examination was performed at age 4-6 weeks; the second examination at an age of ≥6 months (age range 6-9 months). Foals were sedated with detomidine (Domosedan g ). Three radiographs (dorsoplantar, lateromedial and dorsomedial-palmarolateral oblique) were taken from the tarsocrural joints, and 2 (latero-medial and craniolateral-caudomedial oblique) from the femoropatellar and femorotibial joints. The radiographs were evaluated by 2 board-certified veterinary radiologists (A.J.M. van den Belt and M. Beukers).
Data analysis
Statistical analysis was performed using SPSS Statistics 22 h with statistical significance set at P≤0.05. Correction for multiple comparisons was done with the false discovery rate method of Benjamini-Hochberg [16] . Both for walk and trot, a linear mixed effect model with foal identity added as random intercept was used to evaluate the effects of age and limb (fore or hind) as fixed factors and velocity as a covariate on kinetic locomotor parameters and the coefficients of variation. The interaction between age and osteochondrosis status was added to the model to identify temporal effects of osteochondrosis within gait. Normality and homoscedasticity assumptions were met by log transformation of the kinetic parameters and square root transformation of the coefficients of variation. Data are reported as mean AE s.d.
Results
Average body mass increased from 58.1 AE 4.4 kg at age 2-3 days to 225.4 AE 18.7 kg) at age 24 weeks. In the same period average height at withers increased from 1.02 AE 0.02 to 1.39 AE 0.04 m (Fig 1) . No 1  Male  2  0  2  Male  1  0  3  Male  0  0  4  Male  1  0  5  Female  2  2  6  Female  0  0  7  Female  1  0  8  Female  0  0  9  Male  2  1  10  Female  0  0  11 Male 0 0
All osteochondrosis lesions were detected in the tarsal joints, none in the stifle joints.
abnormalities were found on clinical evaluation except in 2 individuals at 24 weeks. In both cases foals were lame, with mild effusion and painful passive flexion of a fetlock joint. One week later, they were considered sound and pressure plate measurements were taken, and were included in the dataset as being representative for Week 24. At the first radiographic screening (age 4-6 weeks), the tarsal joints of 5 foals were osteochondrosis negative; 3 foals showed unilateral and 3 others had bilateral signs of osteochondrosis (Table 1) . At 6 months, all but 3 of these 9 tarsal osteochondrosis lesions had resolved. Accurate evaluation of the stifle joints was not possible during the first radiographic examination due to the physiological irregular contour and granular subchondral bone opacity of the femoral trochlear ridges. At the second examination, no radiographic signs of osteochondrosis in the stifles were found. 
Walk
Gait parameters obtained at walk are presented in Table 2 ; results of the linear mixed model, 95% confidence intervals and P values can be found in Supplementary Item 1. The increase and variation in limb velocity at walk was limited, with average values increasing from 1.0 AE 0.1 to 1.2 AE 0.1 m/s during the study period. Both normalised peak vertical force and normalised vertical impulse were significantly higher in the front compared to the hindlimbs. Over time normalised peak vertical force values stayed relatively constant and, compared to Week 24, only average normalised peak vertical force of Week 1 was significantly lower. Over the complete study period, walking speed did not have a significant effect on normalised peak vertical force. At Week 8, average normalised peak vertical force was significantly lower in the osteochondrosis affected limbs, at Week 10 the opposite was the case. Mean coefficient of variation of normalised peak vertical force was significantly higher in the hindlimbs compared to the forelimbs and values fluctuated during the study; the highest variation was seen at Week 24. The coefficient of variation of front limb normalised peak vertical force was about 10-20%, whereas hindlimbs had coefficients of variation about 20-30%, except for Week 24 in which values of over 40% were found. Differences between osteochondrosis positive and negative foals were only significant at Weeks 2, 6 and 12; in all cases osteochondrosis positive animals had lower coefficient of variation values than osteochondrosis negative foals. Speed had no significant effect on coefficient of variation of normalised peak vertical force. Compared to Week 24, normalised vertical impulse was significantly lower in Weeks zero and one. Speed had a significant effect on normalised vertical impulse, which decreased with increasing speed. Osteochondrosis affected animals had significantly lower normalised vertical impulse in Week one whereas in Week 10 normalised vertical impulse was significantly higher in osteochondrosis positive animals. Stance duration increased significantly over time. When taking Week 24 as a reference, stance duration was significantly lower during the first 12 weeks. Limb (fore or hind) and osteochondrosis status did not have a significant effect on stance duration, whereas speed did; stance duration decreased with increasing speed. Variability of stance duration reduced over time, compared to Week 24; coefficient of variation of stance duration was significantly higher during the first 6 weeks of life. No significant effect of limb or osteochondrosis status was found. At walk the ground reaction force curves of the osteochondrosis negative foals (Supplementary Items 2, 3 and 4) were quite constant. In the hindlimbs, the heights of the 2 peaks that constitute the time-force curve were almost identical. For the front limbs, some variation in height between the peaks existed, but at Week 24, a consistently higher second peak was found.
Trot
The results for the trot are presented in Table 3 . The results of the linear mixed model, 95% confidence intervals and P values can be found in Supplementary Item 1. At trot, average speed increased more compared to the walk (from 2.4 AE 0.4 to 3.2 AE 0.3 m/s). Just as at walk, normalised peak vertical force and normalised vertical impulse were significantly higher in the front limbs. Also at trot, average normalised peak vertical force stayed relatively constant and only the results found in Weeks 2 and 4 were significantly lower compared to Week 24. At Week 4 and 6, average normalised peak vertical force was significantly lower in the osteochondrosis positive foals. Again, when analysed for the complete study period, also at trot, velocity did not have a significant effect on normalised peak vertical force.
At trot, coefficient of variation of normalised peak vertical force was lower than at walk and only at Week 10 osteochondrosis positive foals have significantly lower coefficient of variation of normalised peak vertical force. Speed had no significant effect on variability of peak vertical force. At trot, normalised vertical impulse increased over time, average values of Weeks 2-8 were significantly lower than in Week 24. With increasing speed, normalised vertical impulse decreased significantly. Osteochondrosis affected animals had only significantly lower normalised vertical impulse values in Week 6. Like at walk, stance duration increased over time, with stance duration being significantly lower during the first 12 weeks, compared to Week 24. Presence of osteochondrosis lesions did not affect stance duration significantly, whereas increasing speed was associated with a significant reduction of stance duration. At trot, coefficient of variation of stance duration at Week 2 was significantly higher compared to Week 24 and only at Week 2 was coefficient of variation of stance duration significantly higher in the osteochondrosis positive animals. There was no significant effect of speed on variability of stance duration. At trot, little variation in the shape of the ground reaction force curves was observed over time ( Supplementary Items 2, 3 and 4 ). Presence of a persistent unilateral osteochondrosis lesion in the left limb led to a more asymmetric limb loading pattern compared to an osteochondrosis negative foal, shifting more weight to the contralateral hindlimb at trot (Supplementary Item 5).
Discussion
This study provides insight into the effects of growth and osteochondrosis on equine locomotor kinetics. Although limb velocity at walk and trot Age (weeks) 20 24 increased over time, normalised peak vertical force stayed relatively constant during the first half year of life. Variability of stance duration decreased over time, suggesting the presence of a period of gait maturation in foals. Although clinically sound, osteochondrosis positive foals in this study showed temporarily lower normalised peak vertical force values in the affected limb, indicative of subclinical lameness.
For logistic reasons, this study was limited to one stud farm, restricted to a cohort of 11 foals and a portable pressure plate system was used. Pressure plates are not as accurate and precise in determining absolute forces as force plates, which is a limitation of this study. Studies using the same pressure plate system simultaneously with a force plate reported that the maximal vertical forces recorded by the pressure plate are lower Per limb (fore or hind) and osteochondrosis (OC) status at Week 6, average body mass normalised peak vertical force (nPVF), normalised vertical impulse (nVI), stance duration (StD) and coefficients of variation (CV) of nPVF and StD are presented. [17] . Nonetheless, the accuracy of the system has proven to be acceptable [18] , making it possible to use a pressure plate system to detect trends in gait kinetics over time. Furthermore, the measuring frequency (126 Hz) and with that temporal resolution of the pressure plate system used here is relatively low, especially compared to a force plate system. However, the impact of this lack of resolution is relatively low, as it will mainly affect the smoothness of the force-time curves, but only very minimally the height of the peak [17] . The method described by Staniar et al. [14] is considered to be the most accurate way to estimate the mass of a foal, although this method has only been validated in Thoroughbred foals and not Dutch Warmblood foals. The birthweights of both breeds are similar [19] [20] [21] with similar weight range later in life [14, 20] . We were not able to validate our results by comparing the estimated mass of the foals with actual measurements, the average foal mass we estimated was in line with values reported in Dutch Warmblood foals in studies in which mass was accurately measured [8, 20] . Growth rate and velocity during walk and trot data were also in line with other studies on Warmblood foals [5, 8, 20] .
Five foals were osteochondrosis-negative throughout the study period and the remaining 6 were osteochondrosis-positive at some stage. The number of foals is limited, however, other studies in the field of equine gait and balance analysis have used comparable numbers of animals (ranging from n = 5 [18] to n = 24 [8] ). The prevalence of osteochondrosis lesions at 6 weeks was lower than previously described [11] , but foals in that study were bred from osteochondrosis-positive sires and dams. At 6 months, prevalence data were similar to mature Warmblood populations [10, 11, 22] , yet slightly lower than reported in yearlings [10, 23] .
We collected 5 valid strides to calculate the average values for each parameter of each limb at each gait. When working with young animals, there is a delicate balance between the number of strides collected (increasing numbers increase the accuracy of "the average stride") and the effects of the handling on the animals (inducing fatigue and thus increasing variation). A comparable study in young pigs [13] collected only 3 valid strides per animal. Studies in mature horses [17] and ponies [18] using the same system have also used 5 strides.
The observed normalised peak vertical force across the study period was about 9 N/kg (fore) and 6 N/kg (hind) at walk and 14 N/kg and 11 N/kg for the fore and hindlimbs at trot, almost the same as in mature ponies (fore: 8.9 N/kg, hind: 7.0 N/kg at walk; fore: 12.5 N/kg, hind: 11.2 N/kg at trot [24] ). Reported values in mature Warmbloods are lower with 6.5 N/kg [25] and 10.4 N/kg [26] measured in the forelimbs at walk and trot respectively. Locomotion parameters of differently sized animals can only be compared at the same relative velocity, which is indicated by the Froude number, correcting velocity for height. Calculated Froude numbers for these foals were comparable with values reported in ponies [24] . Froude numbers reported in mature Dutch Warmbloods are similar for walk but higher for trot [25, 26] . Animals differing in size but comparable in proportion, display the same locomotor pattern when moving at velocities corresponding to equal values of Froude numbers [27] . However, conformation and proportion of foals change during growth [28, 29] , leading to variability of inertial properties and centre of mass motion [30, 31] . Consequently, the requirements of the dynamic similarity hypothesis are not met, precluding drawing of valid conclusions on the comparison of limb loading of foals with mature horses or ponies.
Speed influences most of the kinetic and kinematic gait parameters [32] [33] [34] [35] [36] [37] [38] [39] . In mature horses, an increase in normalised peak vertical force and a reduction in stance duration and normalised vertical impulse is seen when the animal moves faster [35] [36] [37] . In these foals, however, stance duration and normalised vertical impulse increased over time, whereas normalised peak vertical force values, as in young goats [40] , remained relatively constant. This is seemingly contradictory with the observed increase in walking and trotting speed. However, in growing foals the increase in stride length due to their growing limbs is responsible for the increase in speed, whereas mature horses increase their stride frequency [36] when moving at higher speeds, explaining the differences described above. Furthermore, vertical forces are influenced by limb stiffness, which changes during growth [41] .
Given that stabilographic analysis of young foals has shown that suboptimal postural balance is characterised by larger swaying amplitudes and velocities [4] , comparable balance incoordination could be expected during locomotion. This imbalance would potentially lead to irregular weightbearing over the limbs over subsequent strides and hence to increased variation when comparing peak vertical forces between different steps, as seen with spinal ataxia in mature horses [42] . Surprisingly, no significant reduction in variability of peak vertical force was observed during the study period. Nevertheless, average variability of peak vertical force, measured with the same pressure plate system in mature ponies was about 10-15% [24] , which is somewhat lower than in our study and possibly indicating that reduction of peak vertical force variability takes place at a later age. Variability was highest at Week 24, and the foals were weaned at this age. The increased coefficient of variation was not due to more variation in velocity during the measurements. It may be that weaning and consequently handling the foals alone had an increasing effect on variability. There could also be an effect of the need to increase the number of trials, as at the end of the study left and right limb data were collected separately, possibly leading to more intertrial variability.
In contrast, a reduction in variability of stance duration was observed across the study period. This was most prominent during the first 2 weeks after birth when foals experience most progress in developing static balance [4] due to maturation of the neuromusculoskeletal system. Nauwelaerts et al. [4] suggested that foals initially rely on fast, but imprecise and ballistic motor control (open loop), later switching to the more precise, closed loop control [43] . More precise control leads to lower variability; therefore, this parameter can be used to quantify gait maturity in toddlers [44] and Warmblood foals [8] . Variability of stance duration provides information about timing, whereas coefficient of variation of peak vertical force is an indicator of how wobbly foals are. As foals need to stand and walk almost immediately after birth, the "pacemaker" in locomotor pattern development may well develop earlier in time than stability of the centre of mass.
Vertical limb loading at trot, measured at Weeks 4 and 6 was significantly lower in osteochondrosis affected animals and more asymmetry was seen in unilaterally osteochondrosis-positive animals. At walk, peak vertical force observed in the osteochondrosis positive foals was also significantly lower at Week 8; however, it was higher in these animals at Week 10. Reduction of peak vertical force was previously reported to be a gait adaptation mechanism in an induced lameness model [45, 46] . Although the foals in the current study were not visibly lame, this finding strongly suggests that around Weeks 4 and 6 subclinical lameness was present in the osteochondrosis-positive foals. The variable effect of osteochondrosis on gait parameters with age may possibly be explained by the highly dynamic character of osteochondrosis lesions in the early juvenile phase [11] , which is likely to affect pain perception and hence manifestation of lameness. For ethical and economic reasons this was not confirmed with diagnostic anaesthesia.
Conclusions
At birth, a foal's gait is different from that of the mature horse. Similar to postural balance [4] , gait maturation occurs after birth and this is reflected by a decrease in stance duration variability. During growth, preferred speed at walk and trot increases. Limb length and stance duration increase and increasing stride length rather than stride frequency is responsible for the increase in speed. Meanwhile, normalised peak vertical force and hence maximal loading of the internal structures of the distal limb remains relatively constant. Even when subjectively considered sound, osteochondrosis lesions may influence peak vertical force. Therefore, pressure plate systems might have the potential to serve as an early identification tool for detection of foals that might need further examination.
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